Introduction
The introduction of thalidomide was crucial in the treatment of myeloma. 1 Promising clinical results led to the development of a class of thalidomide analogues termed immunomodulatory drugs (IMiDs), including lenalidomide and pomalidomide. The availability of novel therapeutic agents has favorably affected the survival of patients with myeloma. 2 Pomalidomide is the newest IMiD, and has single-agent activity in relapsed myeloma. 3, 4 Our earlier studies demonstrated that pomalidomide, 2 mg daily, with weekly dexamethasone (Pom/dex) has excellent activity in relapsed myeloma. 5 Subsequent trials confirmed activity in patients with relapsed disease who were refractory to lenalidomide. 6 Follow-up trials have focused on determining the optimal dosing schedule of this agent to maximize clinical benefit. This led to trials with pomalidomide at doses of 4 mg, either continuously or for 21 of 28 days 7, 8 as salvage therapy for patients with heavily pretreated relapsed myeloma.
The goals of this nonrandomized study were to determine whether the Pom/dex regimen was effective in patients refractory to both bortezomib and lenalidomide (dual-refractory myeloma) and to ascertain whether starting with a higher dose (4 mg daily) yields better response rates compared with the lower starting dose (2 mg daily) that we have used in earlier trials. We report on 2 sequential phase 2 trials of Pom/dex that addressed these questions.
Methods

Eligibility
Patients were eligible to enter on the study if they had previously treated, symptomatic multiple myeloma (MM). Patients had to be refractory to lenalidomide and bortezomib therapy. For this purpose, refractory disease was defined as relapse on or within 60 days of stopping treatment. Patients were required to have measurable disease defined by one of the following: serum monoclonal protein Ͼ 10 g/L, serum immunoglobulin free light chain (FLC) Ͼ 10 mg/dL and an abnormal FLC ratio, urine light chain excretion Ն 200 mg/24 hours, measurable soft-tissue plasmacytoma that had not been radiated, or Ͼ 30% plasma cells in BM. Patients also needed platelet count Ͼ 75 ϫ 10 9 /L, absolute neutrophil count Ͼ 1.0 ϫ 10 9 /L, and creatinine Ͻ 221M (2.5 mg/dL). All previous cancer therapy, including chemotherapy and an investigational agent, must have been discontinued Ն 2 weeks before study registration. Patients with uncontrolled infection, another active malignancy, deep vein thrombosis that had not been therapeutically anticoagulated, Eastern Cooperative Oncology Group (ECOG) performance score of 3 or 4, grade 3 or 4 peripheral neuropathy, pregnant or nursing women, women of childbearing potential who were unwilling to use a dual method of contraception, and men who were unwilling to use a condom were excluded. The study was approved by the Mayo Clinic Institutional Review Board in accordance with federal regulations and the Declaration of Helsinki. An Inside Blood analysis of this article appears at the front of this issue.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
Treatment schedule
Pomalidomide was given orally at a dose of 2 or 4 mg daily on days 1-28 of a 28-day cycle. Dexamethasone was given orally at a dose of 40 mg daily on days 1, 8, 15, and 22 of each cycle. Patients also received aspirin 325 mg once daily for thromboprophylaxis. Patients were allowed to substitute full-dose anticoagulation with either low-molecular-weight heparin or warfarin at physician discretion. G-CSF was not allowed to avoid dose reductions but could be used if a patient developed neutropenic fever. Dose adjustments were permitted based on toxicity as described. Pomalidomide was to be permanently discontinued in the event of a grade 4 rash, neuropathy, or hypersensitivity, and grade 3 or higher bradycardia or cardiac arrhythmia. Pomalidomide was progressively reduced for other related grade 3 or higher adverse events to dose levels of 2 or 4 mg for 21 days each 28-day cycle. Subsequently, doses were decreased by 1 mg for the 4-mg cohort until a dose of 2 mg for 21 days of each 28-day cycle was reached. Subsequent doses were decreased by 0.5 mg. When grade 3 or 4 adverse events occurred before day 15 of a cycle and resolved to grade 2 or lower before day 28 of the cycle, pomalidomide was resumed at the next lower dose level, with the next cycle continuing at the reduced dose level. For grade 3 or 4 adverse events occurring on or after day 15 of a given cycle, pomalidomide was held for the remainder of the cycle and reduced by one dose level beginning with the next cycle. Dose reductions were permitted for dexamethasone related toxicity, by lowering the dose of dexamethasone progressively to 20 mg, 12 mg, 8 mg, and 4 mg once weekly. Patients unable to tolerate the lowest doses of pomalidomide or dexamethasone needed to stop therapy with that agent permanently. In the absence of grade 3 or higher toxicity, the daily dose of pomalidomide could be increased at physician discretion to 4 mg in patients who had not achieved a 25% reduction in serum or urine monoclonal protein levels after 2 cycles of therapy or who had previously responded and had rising serum or urine monoclonal protein levels. Among patients who had a previous dose reduction, escalation was allowed as long as there was no current grade 3 or 4 toxicity.
Response and toxicity criteria
Responses were assessed according to published criteria of the International Myeloma Working Group. 9 A partial response (PR) was defined as Ն 50% reduction in the level of the serum monoclonal (M) protein and/or a reduction in 24-hour urinary light chain excretion Ն 90% or to Ͻ 200 mg or as Ն 50% reduction in BM plasma cells, if BM was the only measurable parameter at baseline, and baseline percentage was Ն 30%. In addition to the these criteria, if a plasmacytoma was present at baseline, Ն 50% reduction in the size of soft-tissue plasmacytomas was also required. Minor response (MR) was defined as Ն 25% but Ͻ 49% reduction of serum M protein and reduction in 24-hour urine M protein by 50%-89%, which still exceeds 200 mg per 24 hours In addition, if a plasmacytoma was present at baseline 25%-49% reduction in the size of soft tissue plasmacytomas was also required.
Complete response (CR) required complete disappearance of the monoclonal protein in the serum and urine by immunofixation studies and Ͻ 5% plasma cells on BM examination. Stringent complete response (sCR) required CR plus normal FLC ratio and absence of clonal cells in BM by immunohistochemistry or immunofluorescence. A very good partial response (VGPR) required, in addition to criteria for PR, serum and urine M protein detectable only on immunofixation but not on electrophoresis or Ն 90% reduction in serum M protein and 24-hour urine M protein Ͻ 100 mg/24 hours. In patients in whom the only measurable disease was by serum FLC levels, CR required a normal FLC ratio of 0.26-1.65 in addition to CR criteria. VGPR in such patients was defined as a Ͼ 90% decrease in the difference between involved and uninvolved FLC levels. All response categories (CR, sCR, VGPR, and PR) require 2 consecutive assessments made at any time before the institution of any new therapy.
Disease progression required any one of the following criteria: (1) increase in serum monoclonal protein by 25% or higher above the lowest response level and an absolute increase of Ͼ 5 g/L, (2) increase in urine monoclonal protein by 25% above the lowest remission value and an absolute increase in excretion by 200 mg/24 hours or greater, (3) increase in size of soft-tissue plasmacytoma by Ͼ 50% or appearance of a new plasmacytoma, (4) definite appearance of new bone lesions or increase in the size of existing bone lesions by Ͼ 50%, or (5) unexplained hypercalcemia Ͼ 2.875mM (Ͼ 11.5 g/dL).
The National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), Version 3, was used to grade adverse events as well as to assign perceived attribution to the study treatment regimen.
We were interested in specifically looking at responses among high-risk patients. High risk was defined, according published criteria 9 as cytogenetic studies (hypodiploidy or karyotypic deletion of chromosome 13), FISH (presence of translocations t(4;14) or t(14;16) or deletion 17p), or plasma cell labeling index (PCLI) Ն 3%.
Statistical design and analysis
The primary end point for both cohorts was the proportion of confirmed responses (CR, VGPR, or PR). Both cohorts used a one-stage design with an interim analysis based on a Simon design. The 2-mg cohort tested that the true confirmed response rate was at most 45% versus the alternative that it was at least 65%, with a type 1 error of 10% and power of 85%. This cohort would be declared ineffective if a maximum of 18 confirmed responders were observed in the first 33 evaluable patients. An interim analysis was performed after the first 19 patients; if at most 8 confirmed responders were observed, the cohort would be considered ineffective.
(accrual did not halt while waiting for interim analysis.) The 4-mg cohort tested that the true confirmed response rate was at most 25% versus the alternative that it was at least 45%, with a type 1 error of 10% and power of 88%. This cohort would be declared ineffective if a maximum of 11 confirmed responders were observed in the first 33 evaluable patients. An interim analysis was performed after the first 17 patients; if at most 3 confirmed responders were observed, the cohort would be considered ineffective (accrual did not halt while waiting for interim analysis). Secondary end points included overall survival (OS), progression-free survival (PFS), duration of response (DOR), and adverse event (AE) profile.
All analyses are based on an intent-to-treat principle. Exact binomial confidence intervals are constructed for the primary end point of confirmed response. The distributions of (1) OS time (time from study entry to death), (2) PFS time (time from study entry to earlier of disease progression or death), and (3) DOR (time from first documentation of response until disease progression or death), are estimated using the method of KaplanMeier. Simple descriptive statistics are used to summarize the AE profile and baseline characteristics.
Results
Patient population
Overall, 35 patients were accrued to the study from May 2009 to November 2009 and treated with a pomalidomide dose of 2 mg daily. An additional 35 patients were accrued from November 2009 to April 2010 and treated with a pomalidomide dose of 4 mg daily. All patients were evaluable. Patient characteristics and previous therapies at study entry are presented in Tables 1 and  2 . The median number of prior regimens in each cohort was 6. All patients had previous bortezomib and lenalidomide therapy and were refractory to these agents. Baseline peripheral neuropathy was present in 29 (83%) and 24 (68%) 2 mg and 4 mg patients, respectively. The median time from diagnosis to enrollment on study was 57 months (2-mg cohort) and 72 months (4-mg cohort). Fifteen (56%) 2-mg patients and 21 (60%) 4-mg patients were classified as high risk using standard criteria (Table 1) . 9 
Follow-up
The median number of cycles administered was 6 (range 1-17) for the 2-mg cohort and 3 (range 1-12) for the 4-mg cohort. Five patients in the 2-mg cohort and 4 patients in the 4-mg cohort continued to receive treatment. The major cause for stopping study
was disease progression (25-2-mg and 21-4-mg patients). Four (2-2 mg/2-4 mg) patients withdrew because of physician or patient discretion. Four (2-2 mg/2-4 mg) patients have died, all because of disease progression. Four (1-2 mg/3-4 mg) patients withdrew because of adverse events. The median follow-up on the alive patients is 9.7 months (range: 1-18) in the 2-mg cohort and 6.6 months (range: 1-11) in the 4-mg cohort (Table 3 ). In the 2-mg cohort, 11 (31%) patients had dose reductions while in the 4-mg cohort, 12 (35%) patients dose reductions because of toxicity, primarily neutropenia.
Efficacy
Seven of the first 19 evaluable patients on the 2-mg cohort achieved a confirmed response; thus the trial did not meet the interim analysis efficacy rule. Per study design, accrual did not halt while data for interim analysis matured. Nine (27%; 95% confidence interval [CI]: 13-45) of the first 33 evaluable patients on the 4-mg cohort achieved a confirmed response (Ն PR), which did not meet the efficacy rule for study design. Confirmed responses (Ն MR) in the 2-mg cohort consisted of VGPR in 5 (14%), PR in 4 (11%), MR in 8 (23%) for an overall response rate of 49%. In the 4-mg cohort, confirmed responses (Ն MR) consisted of CR in 1 (3%), VGPR in 3 (9%), PR in 6 (17%), MR in 5 (14%) for an overall response rate of 43%. Stable disease was the best response in 12 (2-mg cohort) and 11 (4-mg cohort) patients. The median time to response was 1 month (range: 0.8-4) for the 2-mg cohort and 2 months (range: 0.9-7.2) for the 4-mg cohort. Sixteen patients in the 2-mg cohort increased the dose of pomalidomide from 2 mg/d to 4 mg/d. Among these 16, 2 patients improved from stable disease to MR after increasing pomalidomide. Between the 2 cohorts, 36 of 62 patients were considered high risk. Cytogenetics and FISH were not available in the other 8 patients. Responses were seen in 13 of these 36 (21%) and consisted of VGPR (5), PR (4), and MR (4).
The median duration of response for the 9 responding patients (Ն PR) in the 2-mg cohort has not been reached (median followup: 14 months, range: 8-18); duration of response is 3.9 months ECOG indicates Eastern Cooperative Oncology Group; ISS, international staging system; ANC, absolute neutrophil count; PLT, platelet; HGB, hemoglobulin; WBC, white blood count; and CRP, c-reactive protein.
*FISH probes and locus for interphase cIg FISH: 3cen (D3Z1), 7cen (D7Z1), 9cen (D9Z1), 15cen (D15Z4), 11q13 (CCND1-XT), 14q32 (IGH-XT), 13q14 (RB1), 13q34 (LAMP1), 14q32 (5ЈIGH,3ЈIGH), 17p13.1 (p53), 17cen (D17Z1). Table 4 .
Adverse events
Treatment was well tolerated. Toxicity consisted primarily of myelosuppression. Grade 3 or 4 hematologic toxicity regardless of attribution occurred in 83% (2-mg cohort) and 80% (4-mg cohort) and at least possibly attributed to the regimen occurred in 71% (2-mg cohort) and 74% (4-mg cohort). Grade 3 or 4 neutropenia (regardless of attribution) was seen in 51% (2-mg cohort) and 66% (4-mg cohort). Grade 3 or 4 nonhematologic toxicity regardless of attribution occurred in 69% (2-mg cohort) and 54% (4-mg cohort) and at least possibly attributed to the regimen was seen in 26% (2-mg cohort) and 26% (4-mg cohort). The most common nonhematologic toxicity was fatigue (2-mg cohort: 88%; 4-mg cohort: 91%) with grade 3/4 fatigue occurring in 9% of patients in both cohorts. Grade 3 pneumonia was reported in 11 (31%) patients in the 2-mg cohort; however, only 3 events were considered related to treatment. Pneumonia was reported in only 2 patients (grade 2 and 3) in the 4-mg cohort. Adverse events leading to study withdrawal consisted of rash (1 patient, 2-mg cohort), elevated bilirubin (1 patient, 4-mg cohort), neuropathy (1 patient, 4-mg cohort) and unspecified (1 patient, 4-mg cohort). Among the 2-mg cohort, 28 patients (80%) experienced neuropathy during treatment (18 grade 1; 10 grade 2). Six patients had worsening grade during treatment and 7 patients had neuropathy considered related to treatment. Among the 4-mg cohort, 31 (89%) patients experienced neuropathy during treatment (24 grade 1; 6 grade 2; 1 grade3). Ten had worsening grade during treatment and 11 patients had neuropathy considered related to treatment. Patients received aspirin 325 mg once daily for thromboprophylaxis. Patients were allowed to substitute full dose anticoagulation with either low molecular weight heparin or warfarin at physician discretion. Thromboprophylaxis consisted of aspirin in 68% of cycles among the 2-mg cohort and in 65% of cycles among the 4-mg cohort. For the majority of the remaining cycles, patients received full dose anticoagulation with either warfarin or heparin. Deep vein thrombosis occurred in 2 patients (6%; 2-mg cohort) and 1 patient (3%; 4-mg cohort). Adverse events are outlined in Table 5 .
Discussion
We previously reported that pomalidomide and low-dose dexamethasone (Pom/dex) is highly active in relapsed MM, with an overall response rate (PR or better) of 63%. 5 Next, to establish lack of cross-resistance with lenalidomide, we treated a cohort of patients with lenalidomide refractory disease. 6 Among 34 patients enrolled, responses of Ն PR were seen in 31% of patients. The median time to response was 2 months and response duration was 9.1 months. Despite these promising results, important questions remained on the activity of this combination in patients with dual-refractory myeloma (resistant to both bortezomib and lenalidomide) and whether the results can be further improved by increasing the starting dose to 4 mg. In this study, we have addressed these issues through 2 sequential phase 2 trials. Our results show that the pomalidomide plus low-dose dexamethasone combination is significantly active in dual-refractory myeloma at both dosing levels, but we did not observe any advantage with the higher dose. Our results are important because patients with myeloma that is refractory to both bortezomib and thalidomide or lenalidomide have a poor prognosis with median survival of 9 months and event-free survival of 5 months. 10 Pomalidomide plus low-dose dexamethasone offers significant hope to these patients. Our results are supported by those from the MM-002 phase 1/2 study which included patients who had previously been treated with both bortezomib and lenalidomide and were refractory to their most recent regimen. Thirty-eight patients were enrolled in the phase 1 portion of the MM-002 trial, and a partial response or better was seen in 25%. 7 The phase 2 portion of MM-002 randomized patients to receive pomalidomide alone or with dexamethasone, and provided additional supporting evidence; a total of 221 patients were enrolled and data regarding efficacy have been reported for the first 120 patients. The pomalidomide regimen was: 4 mg/d on days1-21 of each 28-day cycle. Responses of PR or better were seen in 25%. 7 In this setting, pomalidomide, with or without dexamethasone, showed promising activity and manageable toxicity in patients who had received multiple previous rounds of therapy, including both bortezomib and lenalidomide.
Our study does not show an improvement in efficacy associated with a higher starting dose. However, we studied only the day 1-28 dosing schedule. Recently, the French Intergroup reported the For personal use only. on April 14, 2017. by guest www.bloodjournal.org From IFM 2009-02 pomalidomide study which included myeloma patients who were symptomatic and progressing following at least 2 cycles of lenalidomide and 2 cycles of bortezomib (either separately or in combination) addressed the issue of dosing schedule. 8 Pomalidomide was given orally either at 4 mg/d on days 1-21 of each 28-day (arm A) or continuously on days 1-28 of each 28-day cycle (arm B). Dexamethasone was given orally at 40 mg daily on days 1, 8, 15, and 22 of each cycle. Ninety-two were enrolled. Among 84 evaluable patients, responses of PR or better were seen in 42% (arm A) and 39% (arm B). Although our trials were sequential, not randomized, results reported here cannot confirm an advantage in starting with a more intense dosing schedule of pomalidomide. Response rates are similar with slightly higher toxicity in the group that received pomalidomide 4 mg daily.
As new drugs and regimens become available for myeloma, it is critical to evaluate response rates and toxicity in the context of how heavily pretreated and refractory to treatment the patient population is. Not surprising is the observation that the best response rates are seen in the trials with the fewest number of prior regimens (Table 6 ). Myelosuppression in both cohorts reported here is more pronounced than what has been reported in previous pomalidomide trials. The rate of grade 3 or 4 neutropenia was 51% in the 2-mg cohort and 66% in the 4-mg cohort. This compares to 32% in a population with 1-3 prior regimens and 26% in a lenalidomide refractory group. The higher rate in the current trials is most likely because of the refractoriness of the patient population. The median number of prior regimens is 6 with 80% and 77% having 4 or more prior regimens in the 2-mg and 4-mg cohorts, respectively. The etiology of the myelosuppression is multifactorial, reflecting a combination of poor marrow reserve, the aggressiveness of the underlying myeloma, as well as the toxicity of the regimen. A significant number of patients developed pneumonia while on Hematology study. However, only a minority of these episodes were attributed to study drug by the treating physicians. The difference in pneumonia rates between the cohorts was likely because of the longer follow-up in the 2-mg cohort. Similarly, the absolute number of dose reductions was similar between the groups but the follow-up in the 2-mg cohort was longer suggesting a higher rate of dose reductions in the 4-mg cohort. The rate of neuropathy and thromboembolic disease seen in these cohorts is similar to what has been previously reported for pomalidomide in myeloma. While the study design goals were not met for either cohort, the data presented here again confirms remarkable activity of the Pom/dex regimen. The results of this study indicate that pomalidomide will be a significant drug, covering an unmet clinical need: salvage therapy for patients with disease refractory to both lenalidomide and bortezomib. Objective responses were seen in 43%-49% of a heavily pretreated refractory population and 31% of high-risk patients, a population particularly resistant to treatment at the time of relapse. Responses were durable. The overall survival rates of 78% and 67% at 6 months are far superior to what would be expected for myeloma at this advanced stage. Although it is not clear that a dose of 4 mg for 28 continuously has any advantages over the 2-mg dose, we are exploring further whether a regimen of 4 mg for 21 of 28 days is superior to 2 mg continuously. Longer follow-up and randomized trials will be needed to answer this question. 
